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G a m m a  Ray Product ion i n  P a r a f f i n  by Cosmic Rays 
j. E.L.  Chupp, D . J .  Forrest ,  and P .J .  Lavakare 
Department of P h y s i c s  
Un ive r s i ty  of New Hampshire, Durham, N e w  Hampshire 
We r e p o r t  here t h e  r e s u l t s  o f  gamma r a y  product ion  i n  s h i e l d i n g  
be ing  cons idered  f o r  use w i t h  d e t e c t o r s  i n  ba l loon  s o l a r  gamma r a y  
* astronomy f o r  the  n u c l e a r  t r a n s i t i o n  energy r eg ion .  The development 
o f  d i r e c t i o n a l  X-ray d e t e c t o r s  u s ing  c o l l i m a t i o n  techniques  has proved 
very s u c c e s s f u l  i n  o b t a i n i n g  good angu la r  r e s o l u t i o n  f o r  X-rays i n  
t h e  10-100 KeV range bu t  use o f  t h e  same techniques  i n  t h e  energy 
r eg ion  0 . 2  t o  10  MeV does no t  achieve t h e  same r e s u l t s  ea s i ly .  Any 
use o f  a large mass around t h e  main c e n t r a l  d e t e c t o r  i n v a r i a b l y  b r i n g s  
i n  t h e  problem o f  secondary r a d i a t i o n  produced as a r e s u l t  of bombard- 
ment of  t h e  sur rounding  mass by the  p r i m a r y  and secondary components 
of  cosmic r a d i a t i o n  which are p r e s e n t  at ba l loon  a l t i t u d e s .  The 
s p e c i f i c  problem of i n t e r e s t  here concerns t h e  sea rch  f o r  t h e  n u c l e a r  
gamma rays from the  sun [Pe terson ,  eta., 19661 [Chupp, al, 19681 
o r  o t h e r  ce l e s t i a l  sou rces .  
Matteson and Pe te r son  - (1968) have i n v e s t i g a t e d  t h e  e f f e c t s  o f  
s h i e l d i n g  w i t h  i n t e r m e d i a t e  2 materials by sur rounding  a gamma r a y  
d e t e c t o r  w i t h  ; 1 2  cm of i r o n .  
t o  4 MeV t h e  y- ray  count ing  rate w i t h  irori  i s  h igher  than  i n  f ree  a i r  
T h e i r  r e s u l t s  i n d i c a t e  t ha t  from 0 . 3  
t h u s  i n d i c a t i n g  t h e  importance of l o c a l  product ion  i n  such s h i e l d i n g  
material. Another method o f  background r e d u c t i o n  invo lves  t h e  use 
o f  large s c i n t i l l a t o r s  f o r  "active" s h i e l d i n g .  T h i s  has been accomp- 
l i s h e d  w i t h  i n o r g a n i c  s c i n t i l l a t o r s  ( C s I )  on s e v e r a l  ba l loon  f l i g h t s  
on leave  from Tata I n s t i t u t e  of Fundamental Research, Bombay, I n d i a  
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(see f o r  example [ F r o s t ,  e t  -- a l . (19661) w i t h  s a t i s f a c t o r y  r e s u l t s  i n  
t he  energy range below 1 MeV. A t  h ighe r  gamma r a y  e n e r g i e s ,  however, 
t h e  s h i e l d s  must be very large and i n o r g a n i c  s h i e l d s  o f  s u f f i c i e n t  
b 
s i z e  become p r o h i b i t i v e l y  expensive , There are a l s o  o t h e r  problems 
encountered w i t h  large C s I  or NaI s c i n t i l l a t o r s  because of t h e i r  
f r a g i l i t y  and tempera ture  dependence and long  decay times. These 
c o n s i d e r a t i o n s  have prompted us t o  cons ide r  t he  use o f  o rgan ic  
s c i n t i l l a t o r s  f o r  gamma r a y  s h i e l d i n g .  The a t t e n u a t s o n  mean free 
p a t h ,  expressed i n  g/cm , f o r  o rgan ic  s c i n t i l l a t o r s  i s  n e a r l y  t h e  same 
d 
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as t h a t  i n  t he  i n o r g a n i c  s c i n t i l l a t o r s  i n  t h e  1 t o  1 0  MeV r e g i o n ,  
Organic s c i n t i l l a t o r s  are a l s o  rugged, and r e l a t i v e l y  inexpens ive  
compared t o  CsI o r  NaI. Use o f  t h e  p l a s t i c  s c i n t i l l a t o r  i s  pa r t i -  
c u l a r l y  bothersome, however, because t h e  presence  of  hydrogen con- 
s t i t u t e s  a source  o f  t h e  2 . 2 2  MeV neutron-proton cap tu re  gamma r a y s .  
The f l u x  o f  neu t rons  i n  t h e  atmosphere i s  adequate ly  known [ L i n g e n f e l t e r ,  
1963, Newkirk,  19631 so t h a t  an estimate could be  made o f  t h e  neut ron  
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cap tu re  ra te  i n  t h e  s c i n t i l l a t o r  and t h e r e b y  o b t a i n  t h e  2 .22  MeV source  
s t r e n g t h ;  however, t h e  e f f e c t s  o f  l o c a l  neut ron  product ion  and mod- 
e r a t i o n  o f  t h e  ambient and l o c a l  neu t rons  be fo re  cap tu re  make t h e  c a l -  
c u l a t i o n s  d i f f i c u l t  f o r  p r a c t i c a l  geometr ies .  Therefore ,  i t  was f e l t  
necessary  t o  measure t h e  neu t ron  cap tu re  rate i n  hydrogen d i r e c t l y  i n  
a geometry s i m u l a t i n g  a p r a c t i c a l  s h i e l d .  We could a l s o  o b t a i h  t h e  
e f f ec t  of  t h e  p a r a f f i n  on t h e  continuum gamma r a y  spectrum i n  t h e  
energy range o f  i n t e r e s t  as w e l l  as o t h e r  background l i n e s .  
We measured t h e  gamma r a y  product ion  at ba l loon  a l t i t u d e s  i n  
large p a r a f f i n  b locks  which surrounded a c e n t r a l  gamma r a y  d e t e c t o r  
b y  comparing t h e  spectrums ob ta ined  be fo re  and a f t e r  t h e  p a r a f f i n  was 
removed from proximity t o  t h e  gamma r a y  d e t e c t o r .  The schematic  o f  t he  
d e t e c t o r  des ign  i s  shown i n  Figure 1. Four boxes of  household p a r a f f i n  
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t o t a l i n g  88 l b s .  were ar ranged  i n  such a way t h a t  t h e y  could be 
removed from proximity t o  t he  c e n t r a l  d e t e c t o r  by  use  o f  a r a d i o  
command. The d e t e c t o r  t o g e t h e r  w i t h  t h e  p a r a f f i n  b locks  was launched 
from P a l e s t i n e ,  Texas on A p r i l  25, 1968 and about h a l f  an hour  a f te r  
2 t h e  ba l loon  reached t h e  c e i l i n g  a l t i t u d e  o f  about 4.0 g/cm , t h e  para- 
- 
f f i n  b locks  were removed w e l l  away from the gamma r a y  spec t rometer .  
The gamma r a y  spec t romete r  was a l t e r n a t e l y  ope ra t ed  i n  two energy bands 
and could,  t h e r e f o r e ,  measure t h e  gamma r a y  spec t rum i n  the energy 
r eg ion ,  0 .2  t o  4.0 MeV w i t h  a r e s o l u t i o n  o f  8% a t  .662 MeV. The mean' 
geomagnetic c u t o f f  (P,) d u r i n g  t h e  p e r i o d  of i n t e r e s t  here was 4 . 1  Bv. 
The details  of  t h e  gamma r a y  spec t romete r  w i l l  be d i scussed  i n  a separate 
paper .  
The major r e s u l t  of  t h e  experiment i s  i n d i c a t e d  i n  Figure 2 which 
showa t h e  y- ray  p u l s e  h e i g h t  spectrum ob ta ined  i n  t he  atmosphere w i t h  
and without  t h e  p a r a f f i n  i n  t h e  h igher  energy r eg ion  1.5 -* 4.0 MeV. 
The important  new f e a t u r e  o f  t h e  spectrum when t h e  p a r a f f i n  i s  around 
t h e  c e n t r a l  d e t e c t o r  i s  the  appearance o f  a 2 .22  MeV gamma r a y  l i n e .  
To emphasize t h e  ev idence  f o r  t h e  2.22 MeV y-ray l i n e ,  w e  have shown 
t h e  p u l s e  h e i g h t  spectrum a t  an a l t i t u d e  (averaged from 60 mb t o  14 mb) 
where the  e f f ec t  i s  h ighe r  than  a t  c e i l i n g  a l t i t u d e .  Also shown i s  a 
l i n e  from a Y88 c a l i b r a t ' i o n  source  at  1.84 MeV which was a l w a y s  p r e s e n t ,  
I n  T a b l e  I, w e  have summarized t h e  va r ious  count ing  rates i n  t h e  pre- 
sence and absence o f  t h e  p a r a f f i n  a t  4 g/cm . Addition o f  t h e  p a r a f f i n  2 
as a p a s s i v e  s h i e l d  g e n e r a l l y  i n t r o d u c e s  two f a c t o r s  which affect  t h e  
spectrum. Act ing as an abso rbe r  f o r  t h e  ambient gamma r a y  spec t rum,  
causes  a count ing  ra te  r educ t ion  i n  the d i f f e r e n t  energy channels  whi3.e 
l o c a l  gamma r a y  product ion  i n  t h e  p a r a f f i n  enhances t h e  count ing  ra tes .  
Column 4 i n  t h e  table shows t h e  d i f f e r e n c e  i n  t h e  rates w i t h  and wi thout  
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p a r a f f i n .  Seve ra l  channels  show 
and only t h e  i n t e g r a l  ra te  above 
s t a t i s t i c a l l y  a s i g n i f i c a n t  i n c r e a s e  
4.5 MeV shows a dec rease .  The excess  
count ing  ra te  i n  t h e  channels  ( 2 . 1 4  .+ 2.30 MeV) where the 2 .22  MeV l i n e  
+ appears i s  0 .07  - 0 .02  counts / sec .  
To determine t h e  2 .22  MeV photopeak count ing  rate due t o  t h e  
p a r a f f i n  w e  have used t h e  fo l lowing  simple curve f i t t i n g  method. 
The background count ing  r a t e  under t h e  photopeak i s  taken  t o  be an 
e x p o n e n t i a l l y  f a l l i n g  spectrum over  a small energy range and hence 
on a semi-log p l o t  a least square  l i n e  could be f i t t e d  t o  t h e  observed 
count ing  ra tes  on e i t h e r  s i d e  o f  t h e  photopeak. 
i n t e r p o l a t e d  c o n t r i b u t i o n  from t h e  observed count ing  rates i n  t h e  energy 
r eg ion  2 .14  -t 2 .30  MeV, t h e  photopeak c o n t r i b u t i o n  i s  determined t o  be 
By s u b t r a c t i n g  an 
0.11 + - 0.03 c t s / s e c  w i t h  p a r a f f i n  and 0 . 0 4  + - 0 . 0 1  counts / sec  wi thout  
p a r a f f i n .  The d i f f e r e n c e ,  corresponding t o  a 2 .22  MeV photon c o n t r i -  
bu t ion  from p a r a f f i n  o f  0.07 - 0 .03  
by d i r e c t  s u b t r a c t i n g  i n d i c a t i n g  no n e t  change i n  t h e  background i n  
t h i s  r e g i o n  of t h e  spectrum when the p a r a f f i n  i s  p r e s e n t .  
t c t s / s e c ,  agrees w i t h  t h a t  ob ta ined  
The obse rva t ions  a l low us t o  c a l c u l a t e  t h e  product ion  rate of 
2.22 MeV gamma rays i n  t h e  p a r a f f i n .  I f  w e  assume t h e  cap tu re  ra te  
o f  neu t rons  i n  t h e  p a r a f f i n  i s  uniform then  t h e  count ing  rate of  t h e  
d e t e c t o r  f o r  t h e  gamma r a y  i n  ques t ion  i s  
where S = gamma r a y  s e n s i t i v i t y  of d e t e c t o r  fop 2.22  MeV ( e f f i c i e n c y  
x p r o j e c t e d  area) = 1.45 cm 2 
P = product ion  rate of 2.22 MeV photons o r  t h e  source  bttcength 
of these photons i n  t h e  p a r a f f i n  (photons @; -’ sec-1) 
d = d e n s i t y  o f  p a r a f f i n  = 0 . 9 8  8; /cm 3 
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p = t o t a l  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t  of 2 .22  MeV photons 
i n  p a r a f f i n  = 0.05 cm'l 
K = dimens ionless  i n t e g r a l  over  t h e  a c t u a l  d i s t r i b u t i o n  o f  t h e  
p a r a f f i n  which i n c l u d e s  t h e  abso rp t ion  e f f e c t ,  = 0.37 
2 The va lue  of  S = 1.45 cm used was e x t r a p o l a t e d  from detai led 
measurements a t  0 .51  MeV f o r  t he  geometry o f  t h i s  experiment ,  From 
t h i s  expres s ion  and the  va lue  f o r  K ob ta ined  by numerical  i n t e g r a t i o n  
G " 
.. we f i n d  f o r  t h e  expe r imen ta l ly  determined product ior i  ra te  a va lue  
P(exp.)= 7 x l o w 3  ( 2 . 2 2  MeV photons $-I sec'') 
T h i s  i s  t h e  average product ion  ra te  i n  p a r a f f i n  o f  t h i s  gamma r a y  l i n e  
by a l l  cosmic r a y  sou rces  a t  t h e  ba l loon  a l t i t u d e .  
The only reasonable  source  f o r  t h i s  l i n e  i s  neutron-proton 
cap tu re  s i n c e  no neut ron  cap tu re  gamma rays are known a t  t h i s  energy 
f o r  carbon. The ne'utrons producing t h e  l i n e  are from two sources ;  
t h e  ambient neut rons  produced i n  t h e  atmosphere by cosmic r a y s  and 
those  produced l o c a l l y  i n  t h e  p a r a f f i n .  Product ion e f f e c t s  i n  t h e  
o t h e r  material around t h e  d e t e c t o r  need not  be cons idered  s i n c e  w e  have 
measured only t h e  e f f e c t  o f  t h e  p a r a f f i n  by p h y s i c a l l y  removing i t ,  
al though t h e  data i n  T a b l e  I i n d i c a t e s  t h i s  l i n e  i s  a l s o  ev iden t  
without  t he  p a r a f f i n  as expec ted  s i n c e  there i s  s t i l l  about 2g/cm2 
o f  o rgan ic  material sur rounding  t h e  gamma r a y  c r y s t a l .  
The c a l c u l a t i o n  o f  t h e  cap tu re  ra te  o f  t h e  ambient a tmospheric  
neut rons  i n  t h e  hydrogen of t h e  p a r a f f i n  b locks  i s  d i f f i c u l t  because 
t h e  neut ron  d e n s i t y  throughout t h e  large b locks  i s  c e r t a i n l y  not  uniform. 
However, an estimate may eas i ly  be made o f  t h e  cap tu re  ra te  o f  l o c a l l y  
produced neu t rons  assuming t h e  product ion  ra te  o f  t h e  neu t rons  i s  uni- 
form. T h i s  i s  reasonable  s i n c e  t h e  n u c l e a r  i n t e r a c t i o n  mean f ree  p a t h  
of' cosmic r a y s  i n  p a r a f f l n  i s  Q 80 g/cm2 compared t o  t h e  block t h i c k -  
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2 nes s  of 15 g/cm . Neglec t ing  edge e f f e c t s ,  t hen  an upper l i m i t  t o  
t h e  neut ron  cap tu re  r a t e  may be c a l c u l a t e d  from t h e  s lowing down 
spectrum + ( E )  = Q / C s  
some energy Eo where: 
neut rons  
cm2 s e c  MeV 
f o r  a p o i n t  source  of  neu t rons  a t  
Q = number of source  neut rons  e n t e r i n g  t h e  s y s t e m  w i t h  t h e  mean 
energy o f  t h e  evapora t ion  spectrum (Neutrons cm'3 s e c - l )  
E = energy of slowed neut rons  (MeV) 
= energy dependent microscopic  s c a t t e r i n g  c r o s s  s e c t i o n  (crn-') 
c S  
The above spectrum shape was first de r ived  by Amaldi and Fermi 
(1936) f o r  s lowing down without  cap tu re ;  however, s i n c e  t h e  cap tu re  
c r o s s  s e c t i o n  i s  r e l a t i v e l y  small i n  hydrogen the spectrum shape 
should s t i l l  be e s s e n t i a l l y  given by  t h e  above formula.  We cons ide r  
t hen  t h a t  t h e  p a r a f f i n  b locks  are f i l l e d  w i t h  a uniform d i s t r i b u t i o n  
of  evapora t ion  sources  Q throughout t h e  f u l l  volume. Then n e g l e c t i n g  
edge e f f e c t s  an upper l i m i t  t o  t h e  ne'utron cap tu re  ra te  P ( t h e o r y )  
i s  c a l c u l a t e d  from 
P( theo ry )  = - Q K ' f o  E-3/2 dE 
pas E t h  
where: 
K' ,  ob t a ined  from t h e  l / v  cap tu re  c r o s s  s e c t i o n  i n  hydrogen, i s  
-29 (cm2 MeV 1 /2  ) 4.8 x 1 0  
p = i s  t h e  d e n s i t y ' o f  p a r a f f i n  (0.98 g cmm3) and 
o = t h e  e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n  i n  hydrogen which i s  
e f f e c t i v e l y  c o n s t a n t  over  t h e  full energy range,  i s  taken  
S 
-24 2 as 20  x 10 cm . 
The i n t e g r a t i o n  l i m i t s  are Eth = 2.5 x MeV and Eo 2 - 1 MeV. 
Using f o r  Q, which was de f ined  p rev ious ly ,  a va lue  of  9 x neu t rons  
g m - l  s e c - l  [Boel la  et g .  19671 w e  f i n d  f o r  P ( t h e o r y ) ,  2.7 x lo-' neutror 
cap tu res  p e r  gram p e r  sec ( o r  2 .22  MeV gammas produced p e r  gram p e r  s e c )  
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Comparing w i t h  t he  measured neut ron  cap tu re  ra te  i n  p a r a f f i n  
o f  7 x lom3 neu t rons  p e r  s e c  w e  f i n d  t h e  y- ray  l i n e  coun t ing  rate 
c o n t r i b u t i o n  from l o c a l  neut ron  product ion  t o  be about 4%. The 
major c o n t r i b u t i o n  t o  t h e  2 .22  MeV f l u x  i s  t h e r e f o r e  from t h e  s lowing 
down and cap tu re  of t h e  ambient neut rons .  An e x a c t  v e r i f i c a t i o n  o f  
t h i s  conclus ion  would r e q u i r e  a detailed c a l c u l a t i o n  of s lowing down 
. & cap tu re  o f  a tmospheric  neu t rons  i n  o u r  complex geometry. Crude 
c a l c u l a t i o n s  though i n d i c a t e  t h e  r e s u l t  i s  reasonable .  
.. 
This r e s u l t  i s  q u a l i t a t i v e l y  c o n s i s t e n t  w i th  r e s u l t s  o f  neut ron  
product ion  i n  polye thylene  i n  rocke t  f l i g h t s  a t  a simflar geomagnetic 
c u t o f f  by Lockwood C1968-J. I n  these experiments  d i r e c t  measurements 
o f  l o c a l  neu t ron  product ion  gave a 1 7 %  c o n t r i b u t i o n  from l o c a l l y  
produced neu t rons  as compared t o  a lbedo  neu t rons  i n  a polye thylene  
moderated H e 3  neut ron  d e t e c t o r .  
ambient neut ron  i n t e n s i t y  i s  smaller ‘the larger  r e l a t i v e  product ion  
e f f e c t  i s  expec ted .  
S ince  at  t h e  rocke t  a l t i t u d e  t h e  
The i n c r e a s e d  coun t ing  rate i n  the  energy b i n  3.0 -+ 4.0  MeV 
sugges t s  t h e  presence  of  o t h e r  gamma r a y  l i n e s  in t roduced  from t h e  
p a r a f f i n .  The p o s s i b i l i t i e s  f o r  l i n e s  i n  t h i s  energy reg ion  could 
be from neu t ron  cap tu re  i n  carbon g i v i n g  cap tu re  gamma r a y s  a t  4.96 
MeV and 3.68 MeV and from i n e l a s t i c  s c a t t e r i n g  of p ro tons  on carbon 
g i v i n g  the  4 . 4 4  MeV gamma r a y .  A combination of f i rs t  and second 
escape o f  0.51 MeV gamma rayscould  r e s u l t  i n  t h e  enhancement of  count ing  
rates i n  the  above mentioned energy r eg ion  due t o  t h e  va r ious  y-ray 
l i n e s  produced i n  t h e  carbon. The cap tu re  c r o s s  s e c t i o n  of carbon. 
( % 0 .003  b a r n s )  however seems too  small t o  account f o r  t h e  large r a t e  
seen compared w i t h  t h e  e f f e c t  from hydrogen where t h e  cap tu re  c r o s s  
s e c t i o n  i s  0 .3  barns .  
The spectrum enhancement observed wi thout  p a r a f f i n  i n  t h e  energy 
a 
. 
r eg ion  3.0 -t 3.5 MeV could be due t o  unresolved captured  gamma r a y s  
from n i t r o g e n  s e v e r a l  of  which (with one and two photon escape peaks) 
could account f o r  t h e  enhancement. 
Concerning t h e  problem o f  s h i e l d i n g  from these e f fec ts  i n  a gamma 
r a y  spec t rometer  surrounded by a p l a s t i c  s c i n t i l l a t o r  there are s e v e r a l  
f a c t o r s  t o  cons ider .  I n  p r i n c i p l e  any fas t  (; 100  KeV) neu t rons  from t h e  
atmosphere o r  t hose  l o c a l l y  produced can be gated o f f  by an t i -co inc idence  
c i r c u i t r y  as t h e y  produce r e c o i l s  i n  t h e  p l a s t i c  s c i n t i l l a t o r .  Also 
t h e  i n t e r a c t i o n  o f  p r i m a r y  o r  secondary cosmic r a y s  which produce 
neut rons  (whether t h e y  be from charged o r  neut ron  p a r t i c l e s )  w i l l  
l i k e l y  produce an i o n i z i n g  nuc1ear"star"and be gated o f f .  The hydrogen 
cap tu re  gamma r a y  may be e l i m i n a t e d  by use o f  a d e u t e r a t e d  o rgan ic  
s c i n t i l l a t o r .  
I n  conclus ion  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  sur rounding  t h e  
d e t e c t o r  w i t h  p a r a f f i n  does n o t  s i g n i f i c a n t l y  enhance t h e  spectrum 
except  at  2.22 MeV. T h i s  i s  undoubtedly t h e  consequence o f  t h e  f a c t  
t h a t  t h e  product ion  ra te  o f  gamma r a y s  per  gram by cosmic r a y s  and 
t h e  abso rp t ion  c o e f f i c i e n t s  i n  a i r  and p a r a f f i n  are e s s e n t i a l l y  sim- 
i l a r ,  
I n  t h e  l i n e  o f  i n v e s t i g a t i o n s  t o  s tudy  o t h e r  aspects o f  t h e  
s h i e l d i n g  problem f o r  gamma r a y  t e l e s c o p e s  w e  p l a n  t o  u t i l i z e  a ' 
large p l a s t i c  s c i n t i l l a t o r  sur rounding  a gamma r a y  spec t romete r ,  and 
bperated both  i n  coincidence and an t i - co inc idence  t o  f u r t h e r  i n v e s t i -  
gate t h i s  aspect o f  t h e  s h i e l d i n g  problem. 
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FIGURE CAPTIONS 
Figure 1 A schematic  diagram showing the p r a y  spec t romete r  
surrounded by p a r a f f i n  b locks  which were lowered 
du r ing  t h e  l a t e r  part  o f  t he  b a l l o o n  f l i g h t  a t  
a l t i t u d e ,  
Figure 2 The p u l s e  h e i g h t  spectrum ob ta ined  a t  h igh  a l t i t u d e s  
u s i n g  a y- ray  spec t romete r  w i th  and wi thout  t h e  presence 
of p a r a f f i n  b locks  nearby. 
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